A two dimensional model is developed to study the transport and reaction processes in solid oxide fuel cells (SOFCs) fueled by partially pre-reformed gas mixture, considering the direct internal reforming (DIR) of methane and water gas shift (WGS) reaction in the porous anode of SOFC.
Introduction
Solid oxide fuel cells (SOFCs) employing ceramic electrolytes are promising electrochemical devices, that convert the chemical energy of fuels into electricity in an efficient, clean and quiet manner. SOFCs are usually operated at higher temperatures (i.e. 1073K) in order to achieve good ionic conductivity of the electrolyte, like yttrium-stabilized-zirconia (YSZ) [1, 2] . The high temperature makes SOFC suitable for cogeneration, as the waste heat from SOFC can be recovered by integrating with other thermodynamic cycles [3] [4] [5] [6] . Besides, carbon monoxide (CO), a poisoning gas for low temperature fuel cells (i.e. proton exchange membrane fuel cell: PEMFC) [7] , can be used as a fuel in an SOFC. Therefore, alternative fuels, like methane, methanol, and ethanol, can be used in SOFCs for power generation [8] [9] [10] .
As a key component of natural gas and biogas, methane (CH 4 ) has been extensively studied as a model fuel for SOFC [11] . For fuel cell applications, CH 4 needs to be steam reformed either internally or externally, as the electrochemical oxidation of methane in SOFC is difficult. External reforming requires additional fuel processors and thus adds to the total cost and complexity of the system. However, the operating parameters can be easily adjusted to obtain desired gas composition to favor electrochemical reactions in SOFC [12] [13] [14] . For comparison, direct internal reforming (DIR) of methane in SOFC eliminates the need of external fuel processors and thus reduces the system cost and complexity [15] [16] [17] [18] [19] [20] . However, the occurrence of chemical reactions (endothermic DIR and exothermic water gas shift reaction: WGSR) complicate the SOFC temperature field and more importantly, carbon deposition can occur in an SOFC with DIR and WGS, which in turn can degrade the SOFC performance substantially [21] . Besides, both DIR and WGS reactions require steam in the anode, which can dilute the fuel concentration and reduce the SOFC performance [22, 23] . In a recent study, it is found that running on methane/steam mixture without external reforming, the electrolytic effect is observed in an SOFC, at an operating potential of 0.8V [24] . This electrolytic effect in SOFC is due to the non-uniform electrolyte Nernst potential and uniform operating potential along the SOFC channel. In this paper, the previously developed models [25, 26] are extended to study the coupled transport and reaction phenomena in an SOFC running on partially pre-reformed methane fuel. Different from the previous studies that only consider electrochemical oxidation of H 2 fuel, the electrochemical oxidation of CO fuel is included in the model. Two chemical models used for simulating the kinetics of DIR and WGS are compared. The effects of flow rate, inlet temperature, and operating potential on SOFC performance are investigated. An alternative method is proposed to find the open circuit potential of SOFC considering electrochemical reactions of both H 2 and CO fuels. The current density distribution in SOFC at open-circuit potentials are presented and discussed.
Model Development
In this study, the partially pre-formed methane gas mixture is used in SOFC for power generation. Typical gas composition at the anode inlet are 17.1% CH 4 , 2.9% CO, 49.3% H 2 O, 26.3% H 2 , and 4.4% CO 2 , respectively [27] . The computational domain and working mechanism in a planar SOFC is shown in Figure 1 , including the two interconnectors, the fuel gas channel, porous anode, dense electrolyte, porous cathode, and air gas channel. Typical dimensions of the gas channel and the cell component thickness are used in the modeling study and summarized in Table   1 .
In operation, the partially pre-reformed methane fuel and air are supplied to the anode and cathode channels, respectively. In the anode catalyst layer, DIR reaction (Eq. 1) and WGS reaction (Eq.2) take place, producing hydrogen fuel. 4 2 2
The H 2 molecules diffuse through the porous anode layer to the triple-phase-boundary (TPB)
at the electrolyte-anode interface, where H 2 molecules react with oxygen ions (O 2-) to produce H 2 O and electrons (Eq. 3). The electrons produced are transported to the cathode via an external circuit to produce useful power. At the cathode side, O 2 molecules diffuse through the porous cathode to the TPB at the electrolyte-cathode interface and react with electrons that come from the anode to produce oxygen ions (Eq. 4), which are subsequently transported through the dense electrolyte to the anode side.
In addition to H 2 , CO can also participate in electrochemical reaction for power generation, 2 2 CO O CO 2e
The electrochemical oxidation of CH 4 is neglected, as the electrochemical oxidation rate of CH 4 is very small compared with DIR and WGS reactions [28, 29] . In addition, chemical reaction of CO 2 with CH 4 is neglected. With the above-mentioned working mechanisms and assumptions, a 2D model is developed to study the coupled transport and chemical/electrochemical reactions in a planar SOFC running on partially pre-reformed methane gas mixture. The model consists of an electrochemical model, a chemical model and a computational fluid dynamics (CFD) model.
Electrochemical Model
The electrochemical model is used to calculate the local current density (J) at given operating potential (V). In an SOFC, the interconnector is used to define the configuration of flow channel and collect the current produced. Due to its high electrical conductivity, it is reasonable to assume that the operating potential does not vary along the flow channel. Based on the previous studies, the J-V relationship of an SOFC in operation can be obtained as [30, 31] 
  
where E is the equilibrium potential (Nernst potential) and the subscripts ) of DIR and WGS reactions are usually calculated using the formulas proposed by Lehner et al. [34] or by Haberman and Young [35] . Their models are summarized in Table 2 .
The enthalpy changes for endothermic DIR and exothermic WGS reactions are used to determine the heat generation/consumption due to the chemical reactions [36] . Considering the dependence of enthalpy on temperature, the reaction heat (J.mol 
Computational fluid dynamics (CFD) model
In an SOFC, fluid flow, heat transfer and mass transfer occur simultaneously. The fluid flow in the gas channels of an SOFC is typically laminar due to a low Reynolds number. The governing equations for mass conservation, momentum conservation, energy conservation, and their corresponding source terms are summarized in Table 3 [37, 38] .
In Table 3 , U and V are the velocity components in x and y directions; ρ and μ are the gas density and viscosity of the gas mixture respectively, which depends on local temperature and gas composition. Y i denotes the mass fraction of species i. 
The effective diffusion coefficient of species i ( , i m eff D ) in gas mixture can be evaluated as; 
where /   is the ratio of tortuosity to porosity of porous electrodes; and r p is the radius of pores.  used in the present study are summarized in Table 4 [39].
The source term S m in continuity equation represents the mass change due to electrochemical reactions. Since electrochemical reactions are assumed to occur only at the electrode-electrolyte interface, the source term is non-zero at the electrode-electrolyte interface only and zero in other regions. In Table 3 , act A is the active area for electrochemical reaction at the electrode-electrolyte interface and c V is the size of control volume. y  is the width of the control volume in y direction at the electrode-electrolyte interface. The negative sign for the cathode means the mass (oxygen) is electrochemically consumed. The Darcy's law is used as source terms ( x S and y S ) in momentum equations (Table 3 ) so that the momentum equations are valid for both the gas channels and the porous electrodes [24, 26] . The source term (S T , W.m ) and irreversible overpotentials ( t  ); (2) heat energy consumption by DIR reaction (Eq. 1); and heat generation due to WGS reaction (Eq. 2). In the porous anode, both DIR and WGS contribute to the heat source term (S T ).
In the dense electrolyte, the source term (S T ) includes the irreversible loss through entropy change and the total overpotentials. The similar procedure for S m (source term for continuity equation) can be adopted for calculating the source terms (S sp ) in species equations, with inclusion of the DIR and WGS reactions in the porous anode.
Numerical Methodology
The finite volume method (FVM) is used to discretize and solve the governing equations [37] . The boundary conditions and the detailed calculation procedures can be found in the previous publication [24, 26] . The iteration scheme is shown in Figure 2 . In each iteration, electrochemical and chemical models are solved to calculate the current densities (related to the rates of electrochemical reactions) and the rate of chemical reactions (DIR and WGS reactions), which are then used to determine the source terms in the CFD model. Subsequently, the CFD equations are computed to update the temperature field, velocity field and gas composition distribution in SOFC, which are used to solve the electrochemical and the chemical models again. Computation is repeated until convergence is obtained. The in-house CFD code is written in FORTRAN.
Results and Discussion
Before parametric simulation, the model developed must be validated. As the electrochemical model, chemical model and the CFD model have been validated respectively in the previous publications [24, 26] , the validation of the models is not repeated here. The dimensions and typical structural/operating parameters used are summarized in Table 1 .
Comparison of different chemical models
In the literature, both the Lehnert et al.'s model [34] and Haberman and Young's model [35] are used to calculate the DIR and WGS reaction rates. at the outlet (Fig. 3a) . The calculated DIR reaction rates are on the same order but a little lower than the data by Lehnert et al. [34] . This is due to a lower simulation temperature is used in the present study than that in Lehnert et al.'s study [34] . For comparison, Haberman and Young's model results in a lower rates and smaller variation of DIR reaction along the gas flow channel (Fig. 3b) at the outlet (Fig. 3d) . to decrease from 0.171 at the SOFC inlet to be less than 0.1 at the outlet (Fig. 4a ). For comparison, the CH 4 molar fraction is still higher than 0.12 at the SOFC outlet using the Haberman and Young's model (Fig. 4b) . In addition, the increase in H 2 molar fraction along the SOFC gas channel is higher using Lehnert et al's model (from 0.263 to 0.34) than using Haberman and Young's model (from 0.263 to 0.296), as can be seen from Fig. 4c and 4d . The variation of CO molar fraction in SOFC is small for both chemical models ( Fig. 4e and 4f ). Using the Lehnert et al's model, slight increase in CO molar fraction is observed due to high DIR reaction rates (Fig. 4e) . For comparison, the CO molar fraction is found to decrease slightly in the SOFC (Fig. 4f) , indicating the rate of CO generation is slightly lower than the rate of CO electrochemical oxidation. Consequently, the current density predicted using Lehnert et al.'s model is found higher than that using the Haberman and Young's model. The current density contributed by CO fuel is smaller than that by H 2 fuel, as H 2 fuel is electrochemically oxidized faster than CO fuel.
The results presented above show that the calculated reaction rates could be quite different when different chemical models are used. Thus, the gas composition may exhibit different variation pattern in the SOFC. However, to evaluate which model is more accurate, detailed and systematic experimental measurement and validation are needed, which is out of the scope of the present study.
In the subsequent simulations, the Haberman and Young's model is used for calculating the rates of DIR and WGS reactions.
Effect of inlet temperature
The effect of inlet temperature on performance of the SOFC is shown in Fig. 6 . It is found that the current densities associated with both H 2 fuel and CO fuel increase with increasing inlet temperature, indicating that higher electric power generation can be obtained at a higher inlet temperature. More importantly, the current density distributions in SOFC are quite different at different temperatures. At an inlet temperature of 1073K, the current densities decrease slightly along the gas flow channel. For comparison, the current densities at a high temperature (1173K) increase considerably near the inlet and become almost invariant in the downstream of the SOFC.
The difference is mainly caused by the different distributions in molar fractions of H 2 and CO in the anode. At an inlet temperature of 1173K, the molar fractions of H 2 and CO (Figs. 7a and 7b) are both higher than those at 1073K (Figs. 4d and 4f ), mainly because of considerably higher rate of DIR reaction at 1173K (Fig. 7c ) than that at 1073K (Fig. 3b) . The effect of WGS reaction on gas composition and current density is insignificant since the reaction rate is small (Fig. 7d) . As a result, the molar fractions of H 2 and CO increase with increasing temperature, leading to higher current densities (Fig. 6 ).
In addition, the inlet temperature also considerably influences the SOFC temperature field.
At a high inlet temperature (1173K), the temperature in SOFC is decreased quickly from 1173K to about 1154K near the inlet, followed by gradual increase to about 1167K in the downstream (Fig.   7e ). For comparison, at an inlet temperature of 1073K, only slight increase in temperature (about 1K) along the gas flow channel is observed. At a high temperature (1173K), the rate of DIR reaction is high near the inlet and consuming more heat there, leading to considerable decrease in temperature. In the downstream, the heat production by irreversible overpotential losses due to relatively high current density exceeds the heat consumption by DIR reaction, leading to an increase in temperature along the gas channel. At a low inlet temperature (1073K), variation in temperature is small due to low rates of DIR and WGS reactions and low current densities. Figure 8 compares the electrochemical performance of SOFC running on pre-reformed methane fuel at different inlet gas velocities. It is found that increasing the inlet gas velocity decreases the current densities of SOFC. This is different from the previous study on hydrogen fueled SOFC, in which increased current density is achieved at high inlet gas velocity [26] . When H 2 is used as a fuel, the H 2 molar fraction decreases and H 2 O molar fraction increases along the gas flow channel due to electrochemical oxidation of H 2 . An increase in gas velocity helps sustain high molar fraction of H 2 in the downstream, thus leading to an increase in current density. In the present study, both DIR and WGS reactions favor H 2 production (Eq. 1 and 2), leading to increased H 2 molar fraction along the gas flow channel. However, a higher gas velocity tends to suppress the variation of gas composition along the channel (Fig. 9a) , leading to smaller increase in H 2 molar fraction than that at a lower gas velocity (Fig. 7a) . Similarly, the variation of CO molar fraction is reduced as well at higher gas velocity (Fig. 9b) than at lower velocity (Fig. 7b ).
Effect of inlet gas velocity
The reaction rates at the inlet are the same for both low inlet gas velocity (anode: 0.5m.s However, smaller reduction in rates of DIR and WGS reactions in the downstream of the gas flow channel is observed at higher inlet gas velocity (anode: 1.0m.s -1 ), mainly due to less variation in gas composition along the channel. Although high velocity tends to sustain uniform temperature distribution, the heat consumption by DIR reaction is high at a high gas velocity, leading to decreased SOFC temperature (Fig. 9e) .
Effect of operating potential
The distributions of current densities along the gas flow channels at typical operating potentials (0.4V, 0.6V, and 0.8V) are shown in Fig. 10 . As expected, the current densities by H 2 fuel and CO fuel are increased with decreasing potential (Fig. 10b and 10c) , so does the total current density (Fig. 10a ).
The higher current density at lower potential consumes more H 2 and CO fuels, which favors DIR reaction (produces H 2 and CO) and the backward reaction of WGSR (produces CO but consumes H 2 ), as can be seen from Fig. 11c and 11d . As a result, the H 2 molar fraction in SOFC running on pre-reformed CH 4 fuel does not decrease as the potential is decreased from 0.8V to 0.4V (Fig. 11a ), which is different from H 2 fueled SOFC (H 2 molar fraction is decreased with decreasing potential) [26] . In addition, the molar fraction of CO is increased along the gas flow channel and reaches the highest at the middle of SOFC, and decreases in the downstream (Fig. 11b) . This indicates the production of CO by DIR reaction and backward WGS reaction exceeds the consumption of CO by electrochemical reaction in the upstream, but the consumption of CO exceeds CO production in the downstream. Compared with operating potential of 0.8V, the temperature in SOFC increases considerably from 1173K at the SOFC inlet to about 1327K at the SOFC outlet at an operating potential of 0.4 (Fig. 11e) . The substantial temperature increase means that the heat generation by electrochemical reaction and backward WGS reaction considerably exceeds heat consumption by DIR reaction.
Effect of CO electrochemical oxidation
In the literature, most of the existing studies only consider electrochemical oxidation of H 2 and assume the rate of electrochemical oxidation of CO to be negligible. Thus it is necessary to examine how does the exclusion of CO electrochemical oxidation influence the predicted SOFC performance. In this section, the electrochemical oxidation of CO is purposely neglected for comparison with the results in the previous sections where CO electrochemical oxidation is considered. When electrochemical oxidation of CO is neglected, the total current density is equal to the current density associated with H 2 fuel only. When both H 2 and CO fuel are electrochemically oxidized, current density by both fuels contributes to the total current density (Fig. 12) . Therefore, neglecting electrochemical oxidation of CO can under-estimate both the total current density and the power output of SOFC running on hydrocarbon fuels.
It is found that whether electrochemical oxidation of CO is considered or not does not considerably affect the H 2 molar fraction (Fig. 13a) , the rate of DIR reaction (Fig. 13c) , and the temperature field (Fig. 13e) . However, excluding CO electrochemical oxidation considerably influences the distribution of CO molar fraction and rates of WGS reaction, as can be seen from Fig.   13b and 13d. When CO electrochemical oxidation is not considered, CO molar fraction increases along the gas flow channel (Fig. 13b ) due to CO production from DIR reaction. Consequently, the WGS reaction rates are higher than that including CO electrochemical oxidation ( Fig. 13d and 9d ).
The open-circuit potential of SOFC
In the present study, the reaction and transport phenomena in methane fueled SOFC at opencircuit potential is studied. To the author's best knowledge, it is the first time to look at the SOFC open-circuit potential considering electrochemical reactions of both H 2 and CO fuels. For H 2 -fueled SOFC, the open-circuit potential of SOFC can be determined by the Nernst equation. It is also straightforward to calculate the current densities associated with H 2 fuel and CO fuel for an SOFC running on pre-reformed CH 4 fuel mixture, at a given operating potential. In this way, the total current density can be easily obtained by simply adding the current densities associated with the H 2 and CO fuels. However, the Nernst potential (or open circuit potential) cannot be determined easily since it is related to both H 2 and CO fuels.
It is considered that at an open-circuit potential, the net current density should be zero ( at operating potential of 1.0V and 0.9V, respectively.
Therefore, the open-circuit potential must be between 0.9V and 1.0V. Assuming a linear relationship between the total current density and the potential (of course more computations can be done to get more data to improve the accuracy), the open-circuit potential is found to be about 0.937V at inlet temperature of 1073K (Fig. 14a) . However, it should be noted that the open-circuit potential not only depends on the temperature, but also the gas flow rate, inlet gas composition, etc.
By adopting the same methodology, the open-circuit potential at an inlet temperature of 1173K is found to be about 0.936V (Fig. 14b) .
The distributions of current density in SOFC at open-circuit potentials are shown in Fig. 15 .
It is found that the total current density varies considerably along the SOFC gas flow channel at inlet temperature of 1073K and 1173K (Fig. 15a, 15c) . The current density associated with H 2 is higher than that associated with CO, as the electrochemical reaction of H 2 is faster than that of CO (Fig. 15b, 15d) . However, the difference between them is small near the inlet at a high temperature (Fig. 15d) . This is because at the simulation condition of 1173K, the Nernst potential associated with CO is lower than that of H 2 (Fig. 15e) . Since the open circuit potential is about 0.936V, Higher than the Nernst potentials near the inlet, the upstream of SOFC is thus in electrolysis operation.
The larger difference between the local Nernst potential (for CO) and the operating potential (0.936V) than that for H 2 tends to yield higher current density (negative) for CO. Meanwhile the lower exchange current density for CO than H 2 tends to yield a lower current density for CO than H 2 . As a result, the difference in current densities between CO and H 2 is small near the inlet at 1173K (Fig. 15d) . The negative total current density means the upstream of SOFC is in electrolysis operation. The positive total current density in the downstream indicates normal fuel cell operation.
This phenomenon is caused by the uniform operating potential and non-uniform Nernst potential along the gas flow channel [40] . 
Conclusion
A numerical model is developed to study the performance of SOFC running on partially prereformed CH 4 fuel mixture, considering both DIR and WGS reactions in the porous anode. higher current density of SOFC. When the inlet temperature is increased from 1073K to 1173K, the current density is considerably increased. This is because the high temperature facilitates DIR reaction and increases the molar fraction of H 2 and CO.
Different from H 2 -fueled SOFC, the present study shows that the SOFC performance is slightly decreased with an increase in gas velocity. This is because the high gas velocity inhibits the increase in molar fractions of H 2 and CO (by DIR reaction). While for H 2 -fueled SOFC, high gas velocity help sustain high molar fraction of H 2 , which will otherwise decrease along the channel due to electrochemical reaction. Thus high gas velocity is beneficial to achieve high electric output for H 2 -fueled SOFC, but tends to decrease the electric performance of SOFC running on hydrocarbon fuels. As expected, the current density increases considerably with decreasing operating potential.
However, the chemical reaction rates are also significantly affected by operating potential. Higher current density consumes more H 2 and CO, thus favors DIR reaction and backward WGS reaction. .s Figure 15 .
